Introduction
Many kind of DNA transfection techniques have been developed and widely used in the field of biochemical assay (Boussif et al., 1995 , Chu et al., 1987 , Felgner et al., 1987 . Since recent development of fluorescent proteins such as green fluorescent protein (GFP), its variants and bio sensors, DNA transfection techniques play a greater role in the field of cell biology especially in bioimaging studies. DNA transfection is also used as a key technology to gene therapy (Selkirk, 2004 , Schaffert et al., 2008 . Thus the development of gene delivery vector with high efficiency is expected. Gene delivery systems with artificial nonviral vectors are widely used in the research field of cell biology and also in the clinical field as gene therapy to promote exogenous gene expression or inhibit production of a target protein. Nonviral vectors have advantages such as a low immune response and no risk of a disorder, which might be caused by native viral vector genome integration (Thomas et al., 2003) . However, nonviral vectors need to overcome the disadvantage of low gene expression efficiency compared with native viral vectors (Luo et al., 2000) . To increase the expression efficiency, it is needed to know gene delivery mechanisms. In general, complexes of exogenous DNAs and a cationic polymer or cationic lipid, commonly used as nonviral vectors, are internalized to target cells by endocytosis. Then a sequential process progresses spontaneously with escape from endosomes, dissociation of complexes, and diffusion of naked DNAs in the cytoplasm to the nucleus ( Fig. 1) (Elouahabi et al., 2005) . However, such dynamic properties of transfected DNAs are not yet clearly distinguished because of the lack of suitable technique to observe intracellular DNA behavior. Fluorescence correlation spectroscopy (FCS) is a method based on observation of fluorescence intensity fluctuations that is the result of single fluorescent molecules diffuse in and out of small detection area ( Fig. 2A, B) (Eigen et al., 1994) . FCS technique can be applied for quantification of the absolute number of fluorescently labeled particles and measuring the molecular weight or size with extremely high sensitivity in a small sample volume, and a physical separation procedure is not needed. Therefore, FCS has currently employed to investigate molecular size or interactions in vitro and in vivo (Kinjo et al., 1995 , Kitamura et al., 2006 , Remaut et al., 2007 . Dual color fluorescence cross-correlation spectroscopy (FCCS), an extended technique of FCS, can monitor molecular interactions directly in addition to parameters given from FCS measurements (Saito et al., 2004 , Kogure et al., 2006 , Bacia et al., 2007 , Kim et al., 2007 . When the two target molecules are interacting, they will move together through the observation area and have synchronized fluorescence fluctuations in both two channels (Fig.  3A) . On the other hand, the fluctuations are not correlated when these molecules move independently of one another (Fig. 3B) . In this chapter, We describe the advantages of FCCS technique for the research field of gene therapy. In our research, FCCS technique was applied to study i) the behavior of exogenous DNA in living cells and ii) the formation of DNA/carrier complex. In these cases, FCCS revealed the DNA degradation by nucleases and DNA-cationic polymer interactions to form DNA/carrier complex in realtime. 
Analysis of fluorescence cross-correlation spectroscopy
The FCCS setup consists of excitation, detection, and data processing systems similar to that of a typical laser-scanning confocal fluorescence microscope with high numerical-aperture (NA) objective. Laser beams are focused on the coverslip via a confocal optic system to subfemto-liter size of observation area is generated. Emitted fluorescence signal is detected two avalanche photodiode (APD) through dichroic mirror (DM) and filter sets (barrier filter; BF) for each color channels (Fig. 4) . The FCS data are interpreted in terms of autocorrelation functions (G()) (Fig. 2C) , that give information on the diffusion time (DT) and the number of molecules (N) in observation area. Diffusion constant can be estimated from DT and size of observation area (Eigen et al., 1994) . The fluorescence autocorrelation functions of the red and green channels, G r () and G g () , and the fluorescence cross-correlation function, G c (), are calculated by
where  denotes the time delay. I i is the fluorescence intensity of the red channel (i = r) or green channel (i = g), G r () and G g () denote the autocorrelation functions of red (i = j = x = r), and green (i = j = x = g) respectively, or G c () denotes cross-correlation function (i = r, j = g, and x = c). Acquired G() were generally fitted by a one-(i = 1) or two-component model (i = 2) as 
where F i and  i are the fraction and diffusion time of component i, respectively. N is the average number of fluorescent particles in the observation area defined by radius  and length 2z, and s is the structural parameter representing the ratio s = z/. The diffusion time ( i ) corresponds to the average time for diffusion of fluorescent particles across the detection area, which reflects the size of particles. f is the average fraction of triplet state molecules and  t is triplet relaxation time (Widengren et al., 1995 , Rigler et al., 1993 . The distribution histogram of diffusion times was constructed using the CONTIN algorithm , Björling et al., 1998 . Instead of evaluating discrete diffusion processes with distinct species and their characteristic diffusion times, the dynamic motion of DNAs in the cell can be distributed with regard to their diffusion times using the distribution function P(D i ). The average numbers of red fluorescent particles (N r ), green fluorescent particles (N g ), and particles that have both red and green fluorescence (N c ) can be calculated by 
respectively. When N r and N g are constant, (G c (0)-1) is directly proportional to N c . For quantitative evaluation of cross-correlations among various samples, the cross-correlation amplitude is normalized by autocorrelation amplitude (relative cross-correlation amplitude; RCA). RCA can be calculated by
respectively. The ratio of interacted molecule in red or green molecules can be obtained from equations 3 and 4 as
respectively. RCA g shows the ratio of interacted molecules in the red molecules (N c /N r ) (Eqs. 5 and 7) and RCA r shows the ratio of interacted molecules in the green molecules (N c /N g ) (Eqs. 6 and 8). FCCS measurement also gives the parameter of photon counts per molecule (CPM) of each fluorescent species. CPM is represented by count rate divided by number of particles.
Monitoring exogenous DNA degradation in living cells
Physical approaches such as microinjection (Zhang et al., 2008) and electroporation (Somiari et al., 2000) are performed to incorporate naked DNAs directly into cytoplasm and/or nucleus across the plasma membrane. On the other hand, DNAs are released into cytoplasm as naked shape and then the DNAs diffuse in the cytoplasm to the nucleus in the case of using gene carrier. The diffusion of exogenous DNAs in cytoplasm is relatively slow compared with that in solution (Dauty et al., 2005) , and it is hard that large DNA goes cross the nuclear membrane in short time. Under such conditions in cytoplasm, the existence of nuclease degradation in cytoplasm is suggested (Pollard et al., 2001 , Lechardeur et al., 1999 , Fisher et al., 1993 . It is presumed that the translocation and nuclear uptake of transfected DNA compete with digestion. Therefore, it is important to investigate behavior of naked exogenous DNAs in cytoplasm to achieve efficient gene delivery and expression. The cytoplasmic degradation for exogenous DNAs can work as a barrier against efficient gene delivery. However, little is known about the degradation mechanism because it is difficult to characterize the degradation process of exogenous DNA in living cells. The purpose of this section was to investigate the mechanism of exogenous DNA degradation in situ, in cytoplasm, by analyses of diffusion properties of DNAs and to determine the effects of cytoplasmic degradation on the gene expression rate. Thus we employed FCS to measure the diffusion properties of DNAs, and FCCS to monitor the degradation of DNAs by cytoplasmic nucleases at the single molecule level. Furthermore, we predicted that exonucleases would work as the main barrier in cytoplasm, so a capped or redundant structure was attached to the transfected DNA to enhance the expression of the protein EGFP.
Diffusion analysis of constructed DNAs in solution
A series of linear DNAs from 23 bp to 500 bp that were labeled with rhodamine green (RG) and Cy5 on both 5'ends (RG-DNA-Cy5) were synthesized by PCR. Autocorrelation curves of the green fluorescence channel (G g ()) and red fluorescence channel (G r ()), and a crosscorrelation curve (G c ()) were obtained by FCCS measurements of RG-DNA-Cy5 in solution ( Fig. 5A-D) . To assess the degree of cross-correlation amplitude, relative cross-correlation amplitude (RCA) was calculated by dividing G c (0)-1 by G r (0)-1. The RCA value was 0.9080.020 (mean  S.D.) for the 500 bp DNA, which had double-fluorescent labels, and 0.1040.023 for the mixture of fluorescent primers that were used in the PCR reactions (Fig. 5E ). The RCA value represents the fraction of DNAs that have RG and Cy5 fluorophores at both DNA ends, thus intact DNAs. To extract information concerning the relative abundance and length of the www.intechopen.com DNA from the autocorrelation curve, we used the CONTIN algorithm. The algorithm can determine the distribution of the correlation time with multiple peaks and its probability without any prior assumption about the number of peaks. Figure 5F shows the distributions of diffusion times that were calculated from the autocorrelation curve of the green channel (inset) by using the CONTIN algorithm. The spectra of diffusion times of RG-DNA-Cy5 were separated from each other. This result suggested that the length of the DNA could be estimated with sufficient resolution in this range and length.
Enzymatic degradation analysis in solution
To confirm whether FCS and FCCS could identify the degradation mechanisms of different kind of nucleases, we monitored the DNA degradation with DNase I (an endonuclease that acts randomly), exonuclease III (an exonuclease that acts in the 3' to 5' direction) and BAL31 nuclease (an exonuclease that acts in both 5' to 3' and 3'to 5' directions) in solution. The nucleases were added to RG-500bp-Cy5 solution in a droplet (50 l) on a coverslip and FCCS measurements were performed as a function of time (Fig. 6 ). Figure 6A , B and C show the RCA changes of cross-correlation curves of RG-500bp-Cy5 with the three different type of nucleases. With DNase I and BAL31 nuclease, RCA values rapidly decreased after the nuclease addition. In contrast, with exonuclease III, the RCA value did not decrease until 11 min. This indicated that the fluorophores did not separate in the initial phase of degradation (Fig. 6E insets) . The RCA value was not changed without addition of a nuclease in the measurement time (data not shown). We regarded 11 min as the initial phase, 31 min as the transient phase and 84-97 min as the stable phase of enzymatic reaction in Figure 6A , B and C. We performed CONTIN analysis and compared distributions of diffusion times in each phase (Fig. 6D-F) . Changing of distribution of diffusion time and RCA show some kind of fingerprint of enzyme activity. The distribution peak became wider and shifted to the left with addition of DNase I (Fig. 6D) . The peak width reflects the various lengths of DNA fragments generated by DNase I random degradation. In the case of exonuclease III, the enzyme generates two kinds of singlestranded DNA with the same sizes as the final products. The diffusion time shifted to the left at 31 min after nuclease addition without widening of the peak (Fig. 6E) . Interestingly, two distribution peaks were detected with the BAL31 nuclease (Fig. 6F) . A faster peak of diffusion times represents small fragments of DNA, with a level of diffusion time comparable to that of the RG fluorophore and a slower peak represents intact DNA. This result is reasonable since the BAL31 nuclease degrades the DNA from both the 5' and 3'ends where the fluorophore is attached. Thus, we could identify the different enzymatic behaviors by using FCCS and distribution analysis of FCS without any separation method such as gel electrophoresis or gel filtration.
Detection of diffusion properties of exogenous DNAs in cytoplasm
To classify nuclease activity in the cytoplasm of living cells, fluorescent-labeled DNAs were directly introduced into the cytoplasm of living cells by the bead-loading method (Manders et al., 1999 , Nagaya et al., 2002 . RG-23bp-Cy5 localized largely in the nucleus (Figs. 7A , B, C) though, RG-100bp-Cy5 did not distribute into the nucleus (Figs. 7E, F , G, 8A and C). Auto-and cross-correlation curves of RG-100bp-Cy5 were obtained at the crosshair point in the image of laser scanning microscopy (LSM) of a living cell in which DNAs were incorporated into the cytoplasm (Fig. 8A, C) . High cross-correlation amplitude was detected within 10 min after loading (Fig. 8B ). However, cross-correlation amplitude was reduced after 45-min incubation at 37C in the same cell (Fig. 8D ). This reduction indicated that exogenous DNA was degraded in cytoplasm. DNA diffusion properties were also analyzed by distributions of diffusion times from autocorrelation curves using the CONTIN algorithm. At 45 min after loading of DNA, a faster peak (around 0.2 ms) appeared in distributions of diffusion times (Fig. 8D inset) .
To determine the origin of each peak in the distributions of diffusion times, autocorrelation curves G g ()s of different DNA sizes that were obtained for the cytoplasm of HeLa cells, and were averaged (N = 4-8) and analyzed using the CONTIN algorithm (Fig. 9) . Two peaks of diffusion times were detected in each measurement; faster peaks were of the same order of diffusion time as the free RG fluorophore. On the other hand, the diffusion times of the slower peaks shifted to the right according to the increase in size of incorporated DNA (Fig. 9B) . The diffusion times of DNAs in cytoplasm were 5-10 times slower than those in solution. This ratio was in good agreement with the previously reported value (Dauty et al., 2005) and this result agreed well with the 5' to 3' exonuclease degradation models in solution (Fig. 6F) . Finally, the appearance of 5' to 3' exonuclease activity was expected as barrier activity in cytoplasm by comparison of incorporated exogenous DNAs using the distribution pattern of diffusion times. Distribution analysis of diffusion times using CONTIN algorithm clearly showed different peak patterns for different enzymatic activities. The distributions of diffusion times had two peaks in cytoplasm. The diffusion time of the faster peak was almost the same as that of fluorescent dye alone, whereas the other, slower peak depended on the size of the DNA that was incorporated. Moreover, moderately sized DNA fragments were not detected in the cytoplasm. Taken together, these findings helped us to determine that (i) how, (ii) when, and (iii) where incorporated DNAs were degraded in the living cell. (i) The main mechanism of exogenous DNA degradation in cytoplasm was 5' to 3' exonuclease activity rather than endonucleases.
(ii) The time scale of degradation (<45 min) was determined by real-time measurement of optical method without invasive treatment. (iii) The location of DNA degradation was not in small compartments but in cytoplasm because the monitored DNAs were distributed homogenously and had free diffusion values. 
Effect of DNA end-capping on the EGFP expression efficiency
To confirm the enzymatic activity of the 5' to 3' exonuclease in cytoplasm, we carried out an inhibition experiment for the enzyme using end-capped or redundant DNAs and monitoring the expression rate of EGFP. If exonuclease degradation works as a barrier against DNA transfection, the use of longer DNA and/or end-capped-DNA that protects the coding regions from each terminal (Fig. 10) should increase the expression efficiency. We synthesized linear DNAs of various redundancy lengths and capped on both DNA ends by a hairpin-shape oligonucleotide (Zanta et al., 1999 , van der Aa et al., 2005 . The end-capped DNA remained intact after incubation with exonuclease III (data not shown). Fig. 11 shows www.intechopen.com 
where N, W, and M represent the number of EGFPs obtained from FCS measurement, the transfected DNA weight and molecular weight of transfected DNA, respectively. N p , W p and M p represent the values with the pEGFP-C1 plasmid as a reference. Expression efficiencies of short DNAs such as that with a 1.6 kbp length were lower than those of other lengths in each cell line. When the expression efficiencies of non-capped PCR products and capped DNAs were compared, it was clear that DNA capping significantly increased the expression efficiency of 4 kbp DNA in HeLa, COS7 and MEF cells. However, the end capping did not enhance the expression rate for short DNA lengths. In MEF cells, uncapped DNAs of all lengths were little expressed and capped DNAs exhibited ~10-fold greater gene expression than the uncapped DNAs. The effect of DNA capping was not observed in 293 cells. Although there were differences in the cell lines, the results obtained for HeLa, COS7 and MEF cells confirmed the effect of exonuclease degradation on DNA transfection. The nuclease activity was inhibited by capped structures on the 3' and 5' ends of the DNA. Interestingly, the end-capping effect on the expression rate was different in the cell lines. In MEF cells, which are generally said to be hard to transfect (Ewert et al., 2006) , the end-capping effect was significant (Fig. 11C) . On the other hand, in 293 cells, which are generally used in transfection assays because of their high expression efficiency, no endcapping effect was observed (Fig. 11D) . These results agreed with previous reports that the transfected plasmids were more stable in 293 cells than in COS, NIH-3T3, HeLa cells (Alwine, 1985) . In summary, our results show that exonuclease activity is related to transfection efficiency, though the level of exonuclease activitity in cytoplasm might be different depending on the cell line.
Here we propose new concept of nuclease characterization by monitoring the degradation patterns of oligonucleotides based on the fragment size and direction of degradation in living cells. The concept is similar to conventional ones such as an analysis by using radioisotope-labeled oligonucleotides and a size determination by gel electrophoresis. The relationship between the exogenous DNA expression level and DNA stability by extension of DNA fragments was studied using the luciferase assay in vitro and in vivo (Hirata et al., 2007) ; however, this assay in a cell homogenate only provides information on bulk DNA stability, not on the individual DNA degradation mechanism. Our approach is, therefore, replacement of the conventional concept by diffusion measurement using a fluorescent tag and coincident analysis using FCS and FCCS so that sensitivity is enhanced to the single molecule level and a physical separation procedure is not needed. Therefore, our method can be employed for measurements in single living cells.
Monitoring complex formation between gene carriers and nucleic acids
The association and dissociation between DNA and gene carriers are important in vitro and in vivo. The efficiency of DNA internalization depends on the properties of DNA/carrier 441 complexes such as their sizes. The size is determined by affinity between DNAs and carriers and the ratio of DNAs to carrier molecules. The FCCS method has the advantage that it does not need physical separation procedures, so the association and dissociation of DNA and carriers can be directly monitored not only in solution but also in living cells.
Quantum dot based gene carrier
Quantum dots (QDs) are nanometer-sized semiconductor crystals that emit visible to infrared fluorescence depending on their composition and diameter. QDs have several advantages such as high resistance to photobleaching, high brightness and narrow emission wavelengths with broad excitation spectra. QDs are comprised of an inorganic core, inorganic shell and an organic coating to solubilize them to the water phase. Since the surface to volume ratio of a QD is relatively high, QDs can be used as scaffold particles for carrying ligands, therapeutic agents and gene delivery carriers.
Cationic polymers can condense with DNA by electrostatic interaction to form complexes that promote internalization of exogenous DNA into cells. Polyethyleneimine (PEI) is an efficient gene carrier, that has a proton-sponge effect (Boussif et al., 1995) . PEI solubilizes QDs to water so it is also useful for surface coating of QDs (Duan et al., 2007 , Zhu et al., 2005 . CdSe/CdZnS QD cores that emit 605 nm fluorescence were synthesized (Jin et al., 2010) and PEI (average molecular weight about 10000) was added and heated to 60C in tetrahydrofuran. The resulting precipitates of PEI-coated QDs were dissolved in water (PEIQDs). The PEI-QD solution was then mixed with a plasmid that coded red fluorescent protein, mKate2 (pmKate2-N). To visualize the localization of the plasmid, a sample plasmid was stained with YOYO-1 iodide. Then the plasmid/PEI-QD complex was added to cultured HeLa cells. After 24-hour incubation, fluorescence emission of expressed mKate2 was detected (Fig. 13) . The result showed that PEI-QD had the potential to introduce plasmid vectors into cells. Fluorescence of QDs and YOYO-1 colocalized at large complexes, though free molecules or small complexes were not visible by the conventional microscopy, so methods that can detect their diffusion at the single molecule level, such as FCS and FCCS, are needed. 
Monitoring of DNA/PEI complex formation in vitro
The efficiency of gene delivery by DNA/carrier complexes depends on the size of the complex and the dissociation kinetics in cells. To develop an efficient gene carrier, it is necessary to characterize the properties of the DNA/carrier complexes. Previously the characterization of complexes was carried out by gel electrophoresis (Eastman et al., 1997) . Currently, there are several FCS studies of DNA/carrier association and dissociation (Van Rompaey et al., 2001 , Braeckmans et al., 2010 . By using FCS, the size and the ratio of the DNA to the gene carrier are evaluated in solution from the values of the diffusion time and CPM, which are obtained by FCS measurements (see section 2). A 4 kbp circular-shaped plasmid was mixed the PEI-QDs and FCS measurements were carried out. The diffusion time of the plasmid decreased due to the compaction of DNA by the interaction with the cationic gene carrier (Fig. 14) .
On the other hand, FCCS can monitor the interaction of DNA with a gene carrier directly. FCS monitors the change of the diffusion time (or molecular size) though the interaction cannot be distinguished if the diffusion time is decreased or not changed due to the change of the molecular shape. For demonstration, PEI-QDs and rhodamine green-labeled 500 bp linear DNA (RG-500bp) were mixed at various ratios, and then FCCS measurements were carried out with single-laser excitation at 488 nm (Fujii et al., 2007) . Fluorescence emissions were collected from two channels for rhodamine green and QD. The increase of autocorrelation amplitude of the green channel (RG-500bp) made observation of the DNA complex possible (Fig. 15) . The cross-correlation amplitude was also increased (Fig. 15 ). This high crosscorrelation amplitude directly shows the incorporation of RG-500bp and the PEI-QDs. The RCA r value was increased according to the increase of the PEI-QD concentration (Fig.  16A) . At a low DNA/QD ratio, the number of PEI-QDs in solution was larger than the number of RG-500bp so there were many QDs that did not interact with DNA. On the other hand, RCA g was decreased at once by the decrease of PEI-QD because of the relative decrease of interacting partners (Fig. 16C) . The numbers of RG-500bp and PEI-QDs contained in the complexes could be estimated from the value of CPM. The CPMs of the green channel were 4 to 8 times larger than the value of a single RG-500bp and the CPMs of the red channel were comparable to the value of a single PEI-QD (Fig. 16B ). These results indicated that 4 to 8 RG-500bp molecules and a single PEI-QD particle were contained in the complexes under the tested conditions. At high ratios of DNA/QDs, DNA and QDs may aggregate so that RCA r and CPM g are increased. The FCCS technique has strong advantages to investigate the properties of DNA carriers such as the strength of binding between DNA and the carrier, the size of the complex and the amount of DNA and number of carriers contained in the complex. 
Conclusion
It is necessary to ascertain the fate of exogenous DNA for the development of nonviral gene therapy. FCS and FCCS, which provide spatiotemporal information on diffusion properties and interactions of biomolecules, were employed for analyses in living cells. FCCS experiments revealed rapid DNA degradation in cytoplasm. In addition, the DNA degradation mechanism in cytoplasm due to 5' to 3' exonuclease was estimated by measuring DNA diffusion properties at the single molecule level. The methods using noninvasive monitoring of the diffusion properties of DNA provide information on the fate of intracellular exogenous DNA and the efficiency of DNA integration in living cells.
Understanding of these intracellular events should help with the development of novel efficient gene delivery methods. FCS and FCCS are rapidly becoming widely used to detect movements and interactions of biomolecules in living cells (Chenette, 2009 , Lidke et al., 2009 , and various related applications such as two-focus FCS (Yu et al., 2009) , raster image correlation spectroscopy (RICS) (Digman et al., 2009 ) and multi-point total internal reflection-fluorescence correlation spectroscopy (TIR-FCS) (Ohsugi et al., 2006 (Ohsugi et al., , 2009 ) have been developed. FCS, FCCS and these techniques will shed new light on cell biology and gene therapy.
